A multicommuted flow system with the propulsion device placed before detection is proposed for the determination of tartaric acid and free potassium in table and Port wines. A dialysis unit was introduced to increase sample dilution and minimize matrix interferences. The determination of tartaric acid was based on the spectrophotometric monitorization of the complex formed by the dialyzed analyte with vanadate. Potentiometric measurement of potassium was carried out through an ion selective tubular electrode. Dynamic linear ranges of 0.500-5.00 g L of tartaric acid were obtained, respectively. For the potentiometric determination, a detection limit of 1 × 10 −4 mol L −1 was achieved. The accuracy of the method was assessed by analysis of 30 wine samples by the proposed methodology and manual procedures. There were no statistical differences between the 2 sets of results, in both determinations. Relative standard deviations lower than 2.1 and 2.4% were attained by the spectrophotometric and potentiometric measurements, respectively. A determination rate of 52 h −1 was achieved.
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Introduction
Tartaric acid is the most significant part of the acid fraction of grapes and wines. Being one of the strongest organic acids present in grapes, it plays a great role in wine acidity, thus affecting colour, taste, chemical and microbiological stability of the final product [1] . Nevertheless, the major physical instability in bottled wines is due to the precipitation of the tartaric salts, essentially as potassium bitartrate, and in lower concentrations, as calcium tartrate. Prevention of this precipitation in bottled wines is desirable because consumers find it objectionable and an indication of poor quality control [2] . For this reason, tartaric acid and potassium determinations are parameters of routine analysis performed in wineries.
The reference method for tartaric acid determination in wines is based on a determination of tartaric acid as calcium tartrate after a 12 h precipitation. Then, the precipitate is filtered, washed and dried to constant weight, being finally titrated with EDTA [3] . This procedure is rarely used since it requires a double precipitation in wines containing L(−)tartaric acid [1] . Routine analysis are performed according to the usual method of OIV, based on the Rebelein procedure, which consists on the separation of tar-taric acid using an ion-exchange resin before development of the colour with vanadic acid [3] . Both previous methods are tedious, laborious and time-consuming. In response to these limitations, flow methodologies have been developed in order to automate and thus improve the analytical features of this determination in wine samples. Flow injection analysis (FIA) with spectrophotometric detection is the most common [4] [5] [6] , but potentiometric detection was also employed [7] . A sequential injection (SIA) combined with infrared spectrometry and a spectrophotometric multicommuted (MCFIA) flow systems were also proposed by Schindler et al. [8] and Fernandes and Reis [9] , respectively.
Regarding potassium determination, atomic absorption spectrophotometry and flame atomic emission spectrometry are the recommended detection methods, after dilution of the wine [10] . However, these procedures allow only the assessment of total potassium content. Free and total potassium determinations in wines were also carried out by flow methodologies. Free potassium content has been determined potentiometrically using FIA [11, 12] and SIA [13] systems. The flow methodologies for total potassium concentration include FIA [12, 14, 15] , and multisyringe flow systems [16] , using flame atomic emission detector. Total potassium was also determined potentiometrically by SIA, after previous microwave digestion of the sample in the presence of hydrogen peroxide [13] .
In the present work, a multicommuted flow system for the simultaneous determination of tartaric acid and free potassium in table and Port wines is proposed. A dialysis unit was intro- duced in the manifold in order to minimize matrix interferences for tartaric acid determination, so that samples could be introduced in the flow system directly, without the need to carry out any previous treatment. Under typical experimental conditions, low dialysis efficiencies (<15%) are attained in flow methods [17] [18] [19] . Thus, dilution of the analyte is inherent to dialysis processes, and benefits this work due to the high tartaric acid concentrations usually present in wines. Tartaric acid determination is based on the spectrophotometric monitoring at 500 nm of the complex formed with vanadate, in slightly acidic medium [1] . Potassium measurements were carried out using a flow-through ion selective tubular electrode. Therefore, the novelty of the proposed flow methodology is the direct assessment of tartaric acid and free potassium using the same manifold, with no need for prior off-line sample treatment.
Experimental

Reagents and solutions
All solutions were prepared using deionised water and analytical grade quality reagents.
Tartaric acid stock solution was prepared by dissolving 50.1115 g of L(+) tartaric acid (Merck) in 500.0 mL of deionised water. Potassium stock solution was obtained by dissolving 7.4617 g of KCl (Merck), previously dried at 110 • C overnight, in 100.0 mL of water. Mixed standards containing tartaric acid and potassium were prepared from the respective stock solutions of tartaric acid 100.0 g L −1 and potassium 1.000 mol L −1 . Ethanol (99.5% (v/v), Panreac) was added to the mixed standards in concentrations of 12 and 20% (v/v) for the analysis of table and Port wines, respectively.
Vanadate colorimetric reagent was obtained by dissolving 0.585 g of ammonium monovanadate (Merck) in 100 mL of NaOH (Merck) 1 mol L −1 where 3.0 mL of tartaric acid 25 g L −1 was added and the final volume of the solution was adjusted to 500.0 mL. The acceptor solution was prepared by adding 40.0 mL of glacial acetic acid 100% (Merck) to a 1000 mL volumetric flask, and adjusting the volume with water.
The R 3 solution was composed by NaCl 7.5 × 10 −2 mol L −1 as ionic strength adjuster (ISA) and KCl 1.5 × 10 −5 mol L −1 . In the comparison procedure, an ISA solution containing 5 × 10 −2 mol L −1 NaCl was used.
Apparatus
The system manifold comprehended a propulsion device connected to solenoid valves controlled by computer, a separation device, two detection systems and a recorder (Fig. 1) .
The flow direction was controlled by three-way solenoid valves (NResearch, 161 T031, Caldwell, NJ, USA), operated by means of a power drive (CoolDriveTM, NResearch).
A Gilson Minipuls 3 multi-channel peristaltic pump (Gilson, Villiers-le-Bel, France) and PVC pumping tubes (Ismatec, Glattbrugg, Switzerland) were used to propel all solutions at independent flow rates for each channel. All tubing connecting the different components was made of PTFE with 0.8 mm inner diameter (W025953, Omnifit, Cambridge, UK). Acrylic laboratory made y-shaped joints were used as confluences.
A 486 personal computer (FR-746WW-A9, Digital, Gumi, South Korea), equipped with an interface card (PCL-818L, Advantech, Taipei, Taiwan) running a lab-made software written in QuickBasic 4.5 (Microsoft, USA) controlled the switching of the solenoid valves.
The dialysis device consisted of two separate acrylic blocks, pressed against each other by 4 screws, with a surface area of 140 mm 2 and the matching cavities characterized by a zig-zag channel configuration. A pre-mounted cellulose dialysis membrane with a molecular weight cut-off of 15-25 kDa and thickness of 15 m (Acculab, Accu-mount Type C, Cat. N • AL-170-0406-02, NJ, USA) was placed between the two blocks, being replaced weekly.
A UV/vis spectrophotometer set at 500 nm (Unicam 5625, Cambridge, UK), equipped with a flow-through cell with 18 L of internal volume and 1 cm flow path (Hellma 178.712-QS, Mullheim/Baden, Germany) was used as the detection system for the tartaric acid determination. The analytical signals were recorded using a dual channel chart recorder (Kipp & Zonen BD112, Delft, Holland).
Potentiometric determination of potassium was carried out using a Crison (Barcelona, Spain) micropH 2002 voltmeter. A tubular potassium ion selective electrode without inner reference solution was used as the indicator electrode. An Orion 900200 (Boston, USA) double junction electrode, with the outer com- Table 1 Protocol sequence for the determination of tartaric acid and potassium in wines. The letters N and F represent positions on and off, respectively.
Step partment filled with NaCl 0.05 mol L −1 was used as the reference electrode. The sensor membrane of the ion selective electrode was prepared as previously described: 0.01 g of valinomycin (Fluka) and 0.002 g of tetrakis(4-chlorophenyl)borate (KTCPB) (Fluka) were dissolved in 0.658 g of dioctyl sebacate (DOS) (Fluka), being mixed subsequently with 0.33 g of polyvinyl chloride (PVC) (Fluka) previously dissolved in 6 mL of tetrahydrofuran (Fluka) [12] . After complete dissolution, the PVC based sensor was added drop wise into the cylindrical hole of the tubular electrode flow module, constructed as described by Alegret et al. [20] . A thin layer of membrane inside the tubular electrode was formed after evaporation of the solvent tetrahydrofuran. The membrane was then dried at room temperature for 24 h and conditioned overnight with a solution of KCl 0.02 mol L −1 . The ion selective electrodes were stored in a 5 × 10 −4 mol L −1 KCl solution between determinations. The tubular electrode was placed in a laboratory made acrylic body adapted for flow methodologies, as described previously [20] . The total potassium determinations were carried out in a flame emission photometer (Jencons Scientific Ltd.), using an air-propane flame.
Flow procedure
The developed flow protocol and timing sequence is given in Table 1 . The first part (steps 1-2) corresponded to washing steps of the manifold, being only necessary when a new sample was analyzed. After the washing steps, the sample containing tartaric acid and potassium was introduced in the donor channel of the dialysis device and propelled to the waste through valve V 6 . The tartaric acid within the low molecular weight compounds of the wine matrix present in the sample diffuses over the dialysis membrane to the acceptor solution (step 3). In the last step, while the dialyzed tartaric acid was mixed with the colorimetric vanadate reagent and propelled to the spectrophotometric detector, the remaining sample plug between C 1 and V 6 was propelled with water and R 3 to the voltmeter for the potentiometric determination of potassium (step 4).
Sample preparation
Table and Port wine samples were purchased from local supermarkets and analyzed by the developed flow system without any treatment.
Comparison procedures
Aiming to assess the quality of the results provided by the proposed methodology, tartaric acid and potassium determinations in table and Port wines were also performed by discrete methodologies.
Tartaric acid comparison procedure was carried out according to the usual method of OIV [3] . A glass column (10-11 mm internal diameter, 300 mm long) fitted with a drain tap and previously packed with 10 g of a strongly basic anionic exchange resin (Amberlite IRA-400, Aldrich) in the acetate form was used for the separation of tartaric acid, followed by the colorimetric reaction with vanadate.
The determination of free potassium was carried out by conventional shaped electrodes without inner reference solution [21] and with the same sensor used in the tubular electrode of the flow methodology. 2.00 mL of standard or sample and 20.00 mL of ISA solution were mixed and maintained under constant stirring while potential difference between the ion selective and the reference electrode was registered.
The total potassium determination was performed by flame emission spectrometry, as recommended by AOAC [22] .
Results and discussion
The study of the flow system was carried out using the univariate method and the values were selected considering accuracy, sensitivity and determination frequency of the methodology.
Development of the multicommuted flow system
The development of the flow system was performed in two phases. The first part contemplated the study of the parameters of the spectrophotometric determination, using the configuration depicted in Fig. 1 , but without the system components relative to the potentiometric determination. In a second phase, potentiometric determination was introduced in the flow system and the respective parameters were studied.
Tartaric acid determination
Initial studies of the flow system were focused on the separation process. Dialysis devices with linear and zig-zag configurations and surface areas of 72-280 mm 2 were studied. This evaluation was based on the analytical characteristics obtained from calibration curves using tartaric acid concentrations ranging from 0.50 to 5.00 g L −1 . Dialysis devices with higher surface areas provided higher sensitivity values, but greater baseline instability was noticed, probably due to higher pressure variations. So, a dialysis device with a zig-zag configuration, surface area of 140 mm 2 and a channel depth of 0.5 mm was selected for further work. Using this dialysis unit, a common cellophane and two commercial pre-mounted (Skalar and Accu-mount) dialysis membranes were tested, by establishment of calibration curves using standard solutions containing 1.0-5.0 g L −1 of tartaric acid. Relative slopes of 37.1, 86.3 and 100% were attained for cellophane, Skalar and Accumount membranes, respectively. The pre-mounted Accu-mount dialysis membrane was then chosen.
Aiming to improve the sensitivity of the methodology, concurrent and counter-current flows as well as the positions of donor and acceptor solutions in the separation device were evaluated. In both studies, similar sensitivity values were attained. Thus, concurrent flows of donor and acceptor solutions was used in further studies.
To evaluate the influence of the stop flow approach in the dialysis process, the acceptor stream was stopped for time periods from 0 to 60 s, while the donor solution was passing continuously in the separation device. Then, the donor stream was stopped from 0 to 30 s, while the acceptor solution was continuously passing through the dialysis unit. Results, presented in Fig. 2 demonstrate that the sensitivity increased linearly about 60% when the stop period of acceptor solution was varied from 20 to 60 s, probably due to longer reaction times attained with longer stop periods of the acceptor solution. Regarding the donor stream, a 20% increase on the sensitivity was observed when rising the donor stop period from 0 to 10 s, increasing 8.3% more with a 20 s stop period. Nevertheless, stop periods imply longer analytical cycles, decreasing the sample throughput. Stop periods of donor and acceptor solutions were not applied in the proposed system since the desirable sensitivity was already attained without the need to stop the flow. However, this study reveals that the increase of sensitivity may be accomplished by the stopped flow approach, a useful tool that may be implemented in the analysis of samples containing lower tartaric acid contents than those present in wines.
Two flow cells with optical paths of 1 and 2 cm were tested. The 2 cm flow cell provided an increase of 25% on the sensitivity, but also poorer baseline stability, due to the higher internal volume of this cell. For this reason, the flow cell with the optical path of 1 cm was used in the next experiments.
Reaction coil (RC 1 ) lengths between 60 and 300 cm were tested. A sensitivity increase of 15% was observed when RC 1 length was increased from 60 to 150 cm, maintaining constant for 200 and 250 cm lengths. However, a decrease of 5% was obtained with the longer length, probably due to the higher dispersion of the reaction product. A length of 200 cm was chosen for RC 1 .
In the flow rate study, sample and carrier flow rates were varied in the same way to avoid pressure differences in the flow system. Flow rate of R 1 was also maintained the same as R 2 in order to keep the buffer composition constant. Flow rates were varied from 0.30 to 1.5 mL min −1 . A decrease on the sensitivity was verified with the increase of the flow rate of the donor solution (sample or H 2 O), justified by the lower residence time of the sample in the separation device, and thus lower transfer efficiency. Regarding R 1 and R 2 flow rates, the sensitivity decreased with flow rate increase, due to shorter reaction times attained with higher flow rates. Flow rates of 0.56 mL min −1 were chosen for all reagents involved in tartaric acid determination.
The influence of ammonium vanadate concentration in R 2 was evaluated between 7 and 20 mmol L −1 . The sensitivity increased 11% when this concentration was increased from 7 to 10 mmol L −1 , being constant for higher values. Hence, ammonium vanadate 10 mmol L −1 was used in further work.
According to previous works, the presence of tartaric acid in the colorimetric reagent improves the linearity and sensitivity of the reaction [4, 5] . So, the concentration of tartaric acid in R 2 was studied in a range of 0-3.0 mmol L −1 . A 28% increase on the sensitivity was observed up to 0.5 mmol L −1 , keeping stable for higher concentrations. A concentration of 1.0 mmol L −1 was selected, since a better linearity (R 2 = 0.9995) was obtained with this concentration in comparison with lower concentrations. The poor linearity was more pronounced for standard solutions with lower tartaric acid content.
Previous studies [4] showed an optimum molar ratio of acid to base of 1.75 in the buffer solution. So, the buffer system was studied by changing simultaneously the concentrations of acetic acid (R 1 ) and NaOH (in R 2 ), keeping a constant ratio of 1.75. Acetic acid concentrations of 0.35, 0.70 and 1.4 mol L −1 were tested using NaOH concentrations of 0.2, 0.4 and 0.8 mol L −1 , respectively. Although obtaining similar sensitivity values using all tested concentrations, the minimal concentrations necessary for a good linearity (R 2 = 0.9997) were CH 3 COOH 0.7 mol L −1 and NaOH 0.4 mol L −1 . Thus, these concentrations were chosen for further experiments.
The influence of the sample volume on the sensitivity was evaluated in the range from 100 to 500 L. The sensitivity increased approximately 64% up to 400 L, and only 7.7% more for the maximum volume tested. Since the sample volume was defined by the aspiration time controlled by computer, higher sample volumes implied longer determination cycles. Thus, a sample volume of 400 L was selected, as a compromise between sensitivity and determination frequency.
After study of chemical and physical parameters of the flow system, the transfer efficiency of dialysis was assessed through establishment of calibration curves with and without dialysis, using tartaric acid standard solutions. A dialysis transfer efficiency of 5.2% was obtained. This parameter was calculated as the quotient between the slope of calibration curves obtained by the multicommuted flow system with and without the dialysis device.
Before application of the methodology to analysis of wines, the influence of ethanol in the dialysis process was evaluated, by tracing calibration curves using standard solutions containing tartaric acid concentrations between 0.500 and 5.00 g L −1 and ethanol contents of 0-20% (v/v). Ethanol contents of 0, 10, 12, 14, 16 and 20% resulted in relative slopes of 100, 86.9, 84.6, 83.3, 80.9, and 78.3%, respectively. These results indicate that the ethanol content has a great influence on the sensitivity of the method, which was previously described [5] . To overcome this interference, standard solutions were prepared using ethanol concentrations of 12 and 20% (v/v) for analysis of table and Port wines, respectively.
To assess the possibility of application of the developed method to coloured wines, the effect of sample colour was evaluated by injecting a sample of table red wine with and without introducing R 1 and R 2 solutions. In the latter, reagents were replaced by deionised H 2 O. No significant analytical signal was registered in the absence of the colorimetric reagent at the 500 nm monitoring wavelength, allowing the application of the methodology to strongly coloured wines.
Free potassium determination
After studying all the parameters involved in tartaric acid determination, potentiometric determination of potassium was included in the flow system, according to Fig. 1 and the respective physical and chemical parameters were evaluated.
Regarding the flow manifold, in a first approach, valve V 6 ( Fig. 1 ) was not included in the flow system and the sample volume used for tartaric acid determination was sent towards the potentiometric determination. However, with this approach, no stable baseline was achieved in the potentiometric measurement, due to the use of an excessive sample volume. Valve V 6 was introduced with the purpose to reduce the sample volume, by discarding most of the sample plug after passing the separation device. So, the sample volume used in the potassium determination was given by the volume remaining in the tubing from C 1 to V 6 . This sample volume was then calculated by summing the volumes from connections: confluence C 1 to the dialysis unit (35 L), from the dialysis unit to valve V 6 (35 L) and the volume of the dialysis unit (70 L), resulting in a sample volume of 140 L for the potentiometric detection. The flow rate of R 3 ( Fig. 1) was varied from 0.97 to 2.2 mL min −1 . Similar analytical characteristics were achieved with all tested values. Further studies were carried out using 1.4 mL min −1 for R 3 , to ensure good baseline stability. The study of RC 2 length was performed with lengths ranging from 10 to 50 cm. A good mixing of the sample with the ionic strength adjuster was accomplished with 25 cm, so this was the chosen length for RC 2 .
Aiming to allow simultaneous determination of both analytes, the first study focused on the evaluation of the behaviour of mixed standard solutions containing tartaric acid and potassium, with 12% of ethanol. Using co-increasing concentration of the analytes, precipitation was observed in the standard solution with higher concentrations of both analytes. To avoid this, increasing concentrations of tartaric acid were combined with decreasing concentrations of potassium. However, precipitation still occurred in standards containing ethanol 20% (v/v), due to lower solubility. This effect was eliminated by restricting the linear range for the tartaric acid determination to 0.500-2.50 g L −1 for analysis of Port wines, being this range adequate for these kind of samples. Similar slopes were obtained using single or mixed standard solutions, in both determinations. Thus, mixed standards were used in the following studies, allowing a single calibration for both analyte determinations.
The R 3 solution was composed by the ionic strength adjuster (NaCl) and KCl to improve baseline stability. NaCl and KCl concentrations were varied from 3.0 × 10 −3 to 0.20 mol L −1 and from 1.5 × 10 −6 to 1.5 × 10 −3 mol L −1 , respectively. This study revealed that better baseline stability was obtained using NaCl 7.5 × 10 −2 mol L −1 and KCl 1.5 × 10 −5 mol L −1 . So, application of the flow system to wine samples was performed with these concentrations in the R 3 solution.
Analytical performance
The developed methodology allowed the determination of tartaric acid, over concentration ranges of 1.00-5.00 g L −1 (table   Table 2 Study of interfering species in the proposed flow system, using The detection and quantification limits of the spectrophotometric determination were calculated from the least-squares linear regression parameters [23] , providing detection and quantification limits of 0.1 and 0.4 mg L −1 , respectively. The detection limit of the potassium ion selective electrode was 1 × 10 −4 mol L −1 .
The determination frequency was calculated by counting the time of each step of the analytical cycle plus the time needed for the switching of the solenoid valves. Considering both determinations, a determination rate of 52 h −1 was achieved.
Interference studies
The study of potential interfering species was performed considering the levels of the main compounds usually present in wine samples. This study was carried out by adding known concentrations of the possible interfering compound to a standard solution containing TA 2.00 g L −1 + K + 700 mg L −1 + ethanol 12% for table wine matrix and TA 1.00 g L −1 + K + 700 mg L −1 + ethanol 20% (v/v) for Port wine matrix. The apparent TA and K + contents were calculated by interpolation of the obtained analytical signal on the calibration curves previously established with the standard solutions. The compounds were considered to interfere if the originated apparent concentration had a relative deviation above 5% [23] from the standard used in this study. The relative deviations presented in Table 2 reveal that none of the studied compounds interfered in the methodology, using both determinations and matrices. Possible interfering cations in the potentiometric measurement were evaluated in previous studies [24] . The average potassium/interferents ratio in wine samples is expected to be much higher than the tolerated limit for this sensor system.
Determination of tartaric acid and potassium in table and Port wines
To assess the accuracy of the method, 30 table wines were analyzed by the proposed system and by the manual procedures. The results and the corresponding relative deviations are presented in Table 3 .
Since the origin of tartaric salts is consequent from the reaction between free potassium and tartrates, the objective of this work was the determination of free potassium instead of total potassium content. Nevertheless, total potassium content was also determined using flame emission spectrometry. As expected, higher levels of total potassium content were achieved for all wine samples when compared with the values of the free potassium fraction.
From the comparison of the obtained results by the developed flow system and those provided by the manual procedures, a relation of the type C s = C 0 + SC r (where C s is the result of the proposed methodology and C r represents the results of the discrete method) was established. The equation parameters and the 95% confidence interval limits [23] are presented in Table 4 . These results demonstrate a good agreement between the proposed methodology and the manual methods, since slope is close to unity and the intercept is close to zero. The repeatability of the flow methodology was assessed from 10 consecutive injections of 2 red, 2 white and 2 Port wine samples. Relative standard deviations lower than 2.1 and 2.4% were achieved for tartaric acid and potassium determinations, respectively.
Conclusions
The proposed method allowed the determination of tartaric acid and free potassium in table and Port wines, within the concentration ranges expected in this kind of samples. This paper demonstrated, for the first time, the feasibility and usefulness of using an in-line dialysis process in a multicommuted flow system. The inclusion of the dialysis unit provided the necessary sample dilution and eliminated the colour effect of red and Port wines, minimising possible interferences on the spectrophotometric reaction. Thus, the separation mechanism allowed the analysis of both analytes without any sample treatment, using the same sample plug in a single manifold. Moreover, a single calibration curve was carried out for the determination of both analytes, a valuable attribute concerning the time of analysis of potassium and tartaric acid contents during the process of stabilization of wines.
The simple and inexpensive instrumentation, easy manipulation and high determination throughput are valuable characteristics that make the system appealing for routine analysis in wineries. Good accuracy and precision were achieved, and the results obtained by the developed system compared well with those provided by the manual methods.
